This paper describes the self-purifying function in term of water quality of a tidal flat in the Tokyo Port Wild Bird Park (TWBP). In this study, the authors carried out field observations of water quality over 2 tidal cycles and estimated nutrient fluxes between a tidal flat and the adjacent sea in the summers of 2006, 2007, and 2008. Sampling of benthos and bottom sediments and counting of water birds were carried out in the field. From the study, the authors found following the results: (1) This flat functions as a net sink of nitrogen and chlorophyll-a and a net source of phosphorus in summer. (2) Nutrient fluxes between sediments and the overlying water are large in proportion to the tidal flat area. (3) The amount of TN and TP removal by water birds is not very large compared to TN and TP fluxes between the tidal flat and the adjacent sea.
INTRODUCTION
Recently in Japan, the areas of tidal flats and coastal shallow regions have decreased because of the large number of constructions in reclamation islands with high economic growth. In coastal regions, it is well known that the tidal flat provides habitation for different of creatures, water purification, amenity space and good environmental facilities. Migratory birds such as snipe and plover utilize tidal flats as a bird feeder or rest area. Therefore, tidal flats are very important habitats for water birds. Because the value and importance of tidal flats have been recognized recently, preservation and construction of tidal flats are going to be conducted at various places in Japan in order to utilize dredged sediments and to restore environmental fields. It is very important to understand the environmental functions and ecological structures of tidal flats for the sake of planning or designing artificial tidal flats and of managing existing tidal flat conservation efforts. Since it is considered that the water purifying ability of tidal flats improves water quality in eutrophic enclosed coastal seas, nowadays many studies about tidal flats are carried out. In the future, construction of artificial tidal flats and conservation The pur timate the flats. In orde we carried over 2 tida stances such phyll-a betw the construc Park (TWB study were other tidal f measuremen species of benthos in o nutrient cyc
STUDY
The stud Wild Bird P flat was fou preserving a wetlands in watchers an utilized as a ities as wil activities. T Tokyo. Nak the history wetland in t to 18, 2008 . In the study, the observations were carried out during stratified conditions in summer because of the condition of water quality deterioration. Measuring instruments for water quality were installed at four stations in channels 1 and 2, in the tidal flat, and in the adjacent sea as shown in Fig.2 . Water quality measurements by water sampling and measuring instruments were carried out at these four stations over two tidal cycles. However, water sampling in the tidal flat while the park was open and in the adjacent sea at night were not carried out. Collected waters were analyzed for concentrations of PO 4 -P, TP, NH 4 -N, NO 2 -N, NO 3 -N, TN, and Chlorophyll-a.
Items measured by installed instruments were water temperature, salinity, chlorophyll-a, turbidity, tidal elevation, and current velocity.
(2) Measurements of nutrient fluxes between sediment and overlying water Nutrient fluxes between the sediment and the overlying water were estimated four times by in-situ incubation test in June, August, October and December of 2008. The flux between sediment and overlying water is influenced by several conditions: water temperature, sediment temperature, irradiance, and the concentrations of Nitrogen and Phosphorus in the overlying water. Therefore, in the study, we adopted in-situ measurement to estimate the nutrient fluxes between sediment and overlying water. Figure 3 shows the in-situ experimental setup to estimate the nutrient flux between sediment and overlying water. Two sets of four acrylic tubes with a diameter of 6.4cm and length of 61.7cm were installed on the bed of the flat as shown in Fig.3 . One set of tubes was installed in the intertidal zone, while the other set was installed in the subtidal zone (see Fig.2 ). Each set in the experimental setup consisted of three tubes filled with collected sediment and overlying water, and one tube with only overlying water for control. For the tubes with both sediment and water, about 15cm of intact surface layer sediments were collected and about 600ml of overlying water was poured carefully onto the collected sediment without suspension.
The bottom of the tube was plugged by a rubber stopper, while the top of the tube was opened to the air. After one hour under still water conditions, a three-hour incubation test was conducted. Before and after the incubation test, overlying water was collected to measure the concentrations of PO 4 -P, NH 4 -N, NO 2 -N and NO 3 -N. For incubation tests, in general, overlying water is stirred by stirrer or aeration, because with anoxic water conditions, one is apt to underestimate the nutrient fluxes. However, in this experiment, we did not stir the overlying water but we confirmed that the concentration of DO of overlying water was higher than 2.0mg/l by means of measurement by DO meter (TOADKK:DO24P). After the incubation test, measurement of ORP of the surface sediment of 2cm in thickness was carried out by ORP meter (TOADKK, RM-20P). Measurements of Chlorophyll-a and Pheophytin of the sediment (0.5cm in thickness) were also carried out.
(3) Measurements of sediment quality
Measurements of sediment quality were carried out a total of four times (June, August, October and December, 2008). Sediments from the surface layer of 0.5cm in thickness were collected at two stations in the intertidal and subtidal zones, as shown in Fig.2 , and their water content, Ignition Loss (IL), Chlorophyll-a, Pheophytin, and ORP were measured. The sediment properties were analyzed into the concentrations of PO 4 -P, NH 4 -N, NO 2 -N and NO 3 -N in the interstitial water of the sediment. In addition to these sediment qualities, in August, particle size distribution, and the Nitrogen, Phosphorus, and Sulfur contents of the sediment in the intertidal and subtidal zones were analyzed.
(4) Benthos survey
We also estimated the biomass of benthos at 10 stations, as shown in white circles in Fig.2 . Eight stations were located in the intertidal zone and the remaining 2 stations in the subtidal zone. The sediments were collected by shovel or Ekman-Birge type sampler, and were sieved using a 1mm mesh sieve. Benthos retained in the sieve was removed by tweezers and fixed by ethanol in-situ treatment. Later, the wetted weight of the benthos was measured as the biomass of the benthos. However, crabs move very fast, so it was very difficult to count the number of crabs by the same method. According to Kamata's report 2) , there is a good relation between the number of nest holes of crabs or lugworms (polychaeta) and their wetted weight, therefore we estimated the number of crabs by counting the number of crab nest holes. A quadrat 1.0m 2 was placed on the tidal flat, and then we counted the number of whole crabs and nest holes in the quadrat. In this way, we obtained the relationship between the number of crabs and the number of crab nest holes. Furthermore, we collected 20 to 80 crabs inhabiting the tidal flat, and then measured the average weight of these crabs. In this way, we estimated the biomass of standing stocks of crab in the tidal flat.
(5) Water bird census
A water bird census in the tidal flat was conducted once a month from June to December, 2008. Each census was carried out every hour from 9:00 to 17:00 during opening hour of the TWBP. The obserations were carried out at the nature center and two observatory houses, where we were able to observe the whole area of the tidal flat. The object of the study was restricted to water birds inhabiting the flat. The number of water birds a day was estimated by averaging the value of several observation results for each hour. Birds such as hawks (Aceipiter genulis) or kites (Milvus lineatus) were omitted from the study, because they stay in the flat temporarily. The bird watching study was conducted using a telescope or binoculars provided in the park's nature center. In the water bird census of October, November and December, we counted the number of birds which were eating or resting in order to obtain the rate of eating action of each bird.
SUBSTANCE FLUXES BETWEEN TIDAL FLAT AND ADJACENT SEA
(1) Water quality variations over two tidal cycles Figure 4 shows the time series of the concentrations of Nitrogen and Phosphorus, and elevation changes in the two channels, the tidal flat, and the adjacent sea, which measurements were conducted in 2007. Based on the figure, organic Phosphorus (OP) and organic Nitrogen (ON) were estimated in the following way; OP=TP-PO 4 -P and ON=TN-(NO 2 -N +NO 3 -N+NH 4 -N). But, water sampling from the tidal flat during the open hours of the park (9:00 to 17:00 on Aug. 26) and from the adjacent sea during the night (19:00 to 6:00 on Aug. 26 and 27) was not conducted. The figure shows that the concentration of TP in both channels increases during flood tide and decreases during ebb tide. The concentration of Figure 5 shows the ratio of TN to TP obtained from the results in Fig.4 . The ratio of TN/TP increases during flood tide and decreases during ebb tide. By comparing this with the Redfield ratio (N/P=16), we concluded that the value is small in the tidal flat and large in the adjacent sea. From the results, it is surmised that the nutrient budget in the tidal flat is deficient in Nitrogen and has a surplus of Phosphorus.
(2) Estimation method of substance flux Figure 6 shows the concept of the estimation method for substance flux in the tidal flat. The substance flux in the area of interest can be estimated by the difference between inflow flux and outflow flux during the observation period. In cases when the outflow flux is larger than the inflow flux, as shown in the upper part of Fig.6 , the estimated flux value becomes positive, meaning that the area of interest is the source of the substance. And in cases when the outflow flux is smaller than the inflow flux, as shown in the lower part of Fig.6 , the estimated flux value becomes negative, meaning that the area of interest is the sink of the substance. It is considered that whether an area is a sink or source is influenced in complicated ways by several factors, including the mutual interactions within the tidal flat.
In the study, substance fluxes between the tidal flat and the adjacent sea over two tidal cycles were estimated by the values which were the products of the concentrations of Nitrogen, Phosphorus and Chlorophyll-a and the water volume passing through the channels. The water volume passing through the channels was estimated by the water elevation dif- ference at some intervals multiplied by the area of the tidal flat's water surface. The water volume was divided into two parts, the water volumes passing through channels 1 and 2, and the ratios between the water volume of channel 1 and that of channel 2 were 1.0 to 0.7 according to the velocity values obtained by field measurements 3) . The calculation period for substance flux is the duration over which water elevation in the tidal flat becomes the same elevation, that is, inflow water volume equals outflow water volume. Chlorophyll-a From the above-mentioned field measurement results conducted in summer, it is found that this tidal flat functions as a source for organic and inorganic Phosphorus, and as a sink for organic and inorganic Nitrogen and Chlorophyll-a.
COMPARISON OF SUBSTANCE CY-CLES WITH OTHER TIDAL FLATS
The function of water purification by a tidal flat is strongly influenced by what creatures habitat it, irradiance, water temperature, discharged substances, and other environmental conditions. Many studies concerning quantitative substance material cycles such as Nitrogen, Phosphorus and Chlorophyll-a have been published. However, studies which compare the substance budget for several tidal flats are very few (for example, Yamochi 5) and Suzuki 6) ). In this chapter, we describe our comparison of the results obtained here and the measurement results obtained from other tidal flats in order to know whether the results obtained here are useful for tidal flats in general or only for this tidal flat.
(1) Site selection and data analysis
In order to compare the tidal flats' ability to purify water, we selected 10 tidal flats, as shown in Table 2 , where the estimation of substance cycles was conducted by field measurements of the tidal flats' concentrations of Nitrogen, Phosphorus and Chlorophyll-a in summer. In the study, we do not consider the differences in field measurement method, analytical method of water quality, and field measurement duration of each study. For the comparison, when there were several measurement results, we adopted the results conducted in summer (July to September) only, and when there were several results conducted in summer, we adopted their averaged value. In cases when measurements were carried out in the daytime and at night, we adopted the mean values of the measurement results. For laboratory test results by the PARI (Port and Airport Research Institute) tidal flat laboratory, we adopted the mean value of the results obtained from three model basins. In the case of the constructed tidal flat in Han-nan 2nd Zone, we omitted the data just after construction, and adopted the data of the year following the construction, because the biota became stable one year after construction. We adopted the data reported by Yamochi 5) on Nitrogen cycles at the wetlands of Osaka South Port and the tidal flat of Han-nan 2nd Zone. For the Wajiro tidal flat and Isshiki tidal flat, we read the measured nutrient flux values from the graph published in their reports. But the TN balance values in the Isshiki tidal flat were adopted from Suzuki's report 6) . In the comparison, we used the common unit of substance fluxes, mg/m 2 /h. Furthermore, we defined Dissolved Inorganic Nitrogen (DIN), Organic Nitrogen (ON), Dissolved Inorganic Phosphorus (DIP), and Organic Phosphorus (OP) as DIN=(NO 2 +NO 3 +NH 4 )-N, ON=TN-DIN, DIP=PO 4 -P, and OP=TP-DIP, respectively. But in the case of Han-nan 2nd Zone, DIN was not measured, so we adopted the value of DTN (Dissolved Tidal Nitrogen) instead of DIN.
(2) Comparison with results of substance cycles
Results obtained from the above-mentioned procedure, are shown in and Chlorophyll-a show Wajiro to be a sink for those substances. But, the flux patterns of inorganic and organic nutrients are different between the two tidal flats. The property of the nutrient cycles of the TWBP, in which Nitrogen and Phosphorus decrease for both organic and inorganic nutrients, is the particular characteristic of the tidal flat, and the phenomenon wsa not found in other tidal flats. Moreover, organic Nitrogen (ON) and Chlorophyll-a are consumed in the flat, but on the other hand, organic Phosphorus (OP) is increasing. From the results, it is considered that the cause of OP increase is DOP (Dissolved Organic Phosphorus) release from the sediment of the flat. Considering organic versus inorganic materials, the tidal flats of Banzu and Ago Bay show themselves to be a sink for organic materials and a source of inorganic materials. Therefore, it is thought that the feeding activity of animals is quite high in these flats. The tidal flats of PARI Laboratory and Sanbanse show themselves to be a sink for inorganic materials and a source of organic materials, therefore it is thought that the primary production of plants is very active in these flats. Furthermore, there were several tidal flats such as TWBP, Yatsu and Wajiro where the patterns of material balance between organic and inorganic materials did not coincide. Considering the above results, we point out that several factors influence the tidal flat material budg- 
SUBSTANCE FLUXES BETWEEN SED-IMENT AND OVERLYING WATER
In the previous chapter, from the water quality measurements over 2 tidal cycles, it is found that the TWBP tidal flat functions as a source of Phosphorus and a sink for Nitrogen and Chlorophyll-a in summer. But the mechanism of substance cycles in the tidal flat is still unknown. In a coastal shallow sea area like a tidal flat, it is considered that the sediment in the tidal flat influences the water quality of the overlying water, so there are many studies concerning substance release or settling rate (e.g., Tokunaga et al. 16) , Kuwae et al. 17) , Imamura & Matsunashi 18) ). There are two methods for measuring release rate or settling rate between sediment and overlying water, in-situ measurement 8), 13) and laboratory tests 16),18) . Since the sediment behavior is influenced by water temperature, mud temperature, irradiance, and the concentrations of nutrients of overlying water, in this study we carried out measurements of inorganic Nitrogen and Phosphorus fluxes between sediment and overlying water using the in-situ method. In this chapter, we describe the experimental results for nutrient fluxes and sediment qualities.
(1) Results for sediment quality Table 3 shows the results for sediment quality measured at the points of intertidal and subtidal zones in August 2008. In the table, the ratio means the proportion of the values in the subtidal zone to the intertidal zone. From the table, the ratios of N, P, C, S, water content, and IL are about 2.2 (1.8 to 3.0). These results show that the sediment in the subtidal zone is rich in nutrients and organic material. Aslo, the value of IL (3.4%) for the sediment in the intertidal zone is a little small compared to the result for IL (4.25%) conducted in 2006 19) . From the results in Table 3 , the N/P ratio based on weight shows very small values: 1.6 in the intertidal zone and 2.0 in the subtidal zone. It is found that the value is very small in comparison with the values of sediment in the PARI's Mesocosm Laboratory (=5.7 17) ) and the sediment in the Banzu tidal flat (=3.5 17) ). One of the characteristics of the TWBP tidal flat is the very high density of Cormorants flying over and staying there. The excretion of piscivorous water birds generally contains a high amount of Phosphorus and has a low N/P ratio (e.g., Cormorant: N/P=1.79, Grey Heron: N/P=1.51) 20) . The reason the N/P ratio of the sediment is low is the excretion of these water birds. Kameda et al. 21) reported that the N/P ratio of forest soil influenced by the excretion of Cormorants is low, and it is thought that a similar phenomenon occurs in the TWBP tidal flat.
Grain size distribution of the sediment is shown in Fig.8 . Mud content of the sediment in the intertidal zone is about 30%; the difference from the result obtained in 2006 19) is not very big. For the subtidal zone, the mud composed of clay and silt is 92% of the sediment. The value shows a very high mud content compared to the value obtained by Kimura et al. 22 ) in a study conducted at two stations in the subtidal zone in 1995 (mud content: 75%, 55%). Considering the results, it is worrisome that the mud content of the sediment in the subtidal zone is increasing. Kimura et al. 22) pointed out that the increase in mud was affected by the excretion of water birds, but we do not know the exact cause yet.
The concentrations of nutrients in the interstitial water of the sediment are shown in Figs. 9 and 10 . From the figures, the concentrations of DIN and PO 4 -P in summer are high in both intertidal and sub- tidal zones. Since DIN in the sediment contains a high percentage of NH 4 -N, it is thought that the high concentration of NH 4 -N in the sediment is caused by the decomposition of organic materials and the excretion of water birds. By comparison with the concentrations of (NO 3 +NO 2 )-N in overlying water and interstitial water at the starting time of the cultivation experiment, the concentration of (NO 3 +NO 2 )-N in overlying water is high at 1.30mg/l on average, and that in interstitial water is low at 0.07 to 0.36mg/l. Kimura et al. 22) reported that a high rate of denitrification of 13.4 (mg/m 2 /h) in the tidal flat was measured in July. Due to the denitrification, it is considered that the concentration of (NO 3 +NO 2 )-N is very low in the sediment. On the other hand, the concentration of PO 4 -P in overlying water is 0.47mg/l on average, and the concentration in interstitial water is always high, from 0.97 to 2.99mg/l. water are estimated by the following procedure: the substance mass variation in the overlying water with sediment is obtained by using the concentration of nutrients before and after the incubation test minus the substance mass variation in the overlying water without sediment for control. This flux shows the substance transfer from sediment to overlying water by activity of benthic microalgae, benthos, and bacteria in the sediment. The flux is expressed as the flux per unit time and unit area by Eq. (1),
in which r is the substance flux between sediment and overlying water (mg/m 2 /h), V is the volume of overlying water (m 3 ), ΔC is the variation in substance concentration with sediment (mg/l), ΔC 0 is the variation in substance concentration for control overlying water (mg/l), A is the area of experimental core (m 2 ), and Δt is the incubation time (h). In the case of positive flux, it is considered that the substance is transported from sediment to overlying water due to release or decomposition of excrement or carcasses. In the case of negative flux, it is considered that the substance is transported from overlying water to sediment due to diffusion, photosyn thesis of microphyto benthos, absorption by soil particles, etc. Figure 11 shows the flux of DIN obtained by incubation tests. In the figure, a positive value indicates substance transport from sediment to overlying water, and a negative value indicates substance transport from overlying water to sediment. The bar graph shows the mean value of the incubation test results and its variance. From the figure, DIN fluxes in all seasons are transported to sediment, the transport of NO 3 -N to sediment is particularly large, . In the tidal flat, we can predict whether the role of a water bird is nutrient removal from sediment or nutrient load to sediment by considering the pattern of water bird activity.
(3) Flux measurement results
In the study, we observed the seasonal variation in the number of water birds flying over the flat and the biomass of benthos in order to know the biota in the tidal flat. We then estimated the transport fluxes of Nitrogen and Phosphorus to outside of the tidal flat by the number of water birds flying over the flat.
(1) Water birds flying over the flat Figure 14 shows the seasonal variations in the number of water birds flying over the tidal flat. In the figure, the number of water birds is the averaged value of hourly observation results from 9:30 to 16:30. The number of water birds increased from Spring to Autumn, and the largest number was observed in October. The result is similar to the observation by the officer of the park in an average year. As to the species of water birds, shown in Fig.15 , the Cormorant (Phalacrocorax carbo) was the most numerous throughout the year, comprising 60% to 90% of the number of water birds flying over the tidal flat. It is thought that the reason the Cormorants are so many is that there are many fish, such as striped mullet to eat, and there are many trees and wood stakes in which to rest. In summer, the number of kinds of snipe or plover, such as Green Shank (Tringa nebularia), Ringed Plover (Charadrius debius), and Mongolian Plover (Charadrius mongolus) increased, and in autumn to winter, the number of kinds of ducks, such as Common Teal (Anas crecca), European Pochard (Aythya ferina), and Tufted Duck (Aythya fuligula), increased. Table 4 shows the feeding action rate of each water birds, obtained by bird watching measurements. These values are the averages of all measurement results of each measurement period. From the table, the feeding action rate of Cormorants is only 3.3%, the smallest of the rates. This means the Cormorant uses the tidal flat for a very short time for feeding. Since similar results are reported by Kuwae et al. 31) , it is concluded that the Cormorant stays for a long duration in the tidal flat to rest. Especially in October, when the number of Cormorants flying over the tidal flat was the largest, we observed that the Cormorants mostly stayed on the wood stake and did not show feeding activity. However, these bird watching observations were carried out in the daytime only, so we do not know the number of Cormorants flying over the tidal falt and their feeding action rate at night. Since some water birds, such as ducks, eat food at night, in case of a whole day's observation, the above-mentioned results might be slightly changed.
(2) Biomass of benthos Figure 16 shows the relationship between the number of individuals of crab and the number of nest holes. In the tidal flat, we found mainly two kinds of crabs, the Macrophthalmus japonicas and Ilyoplax pusilla, but we do not distinguish between them in the figure. From the field measurements, we obtained the averaged wetted weight of -Macrophthalmus japonicas-as 7.25 g/individual and Ilyoplax pusilla as 0.648 g/individual. Figure 17 shows the seasonal variation in the biomass of benthos in the tidal flat. Many Annelids such as lugworms were observed in June, and Arthropods such as crabs appeared in August and October, but disappeared in December. Mollusca such as little neck clams appeared in the tidal flat without large fluctuations for the whole year except for a little increase in August.
(3) Estimation of nitrogen and phosphorus flux by water birds
By using the number of water birds flying over the tidal flat, we estimated the amount of food and excretion by the birds, and then we estimated the Nitrogen and Phosphorus fluxes exported and imported by the birds by subtracting the nutrient content of the food from the nutrient content of excretion. Here, we assumed that all that the water birds eat in the tidal flat only, which means that we estimated the maximum exported value. As for load by excretion, Huang & Isobe 26) assumed that the load by excretion is proportional to the time that the birds stayed in the flat in a day. Then, they assumed that 2/3 of excretion was loaded to the tidal flat. In our study, we esti- Table 5 Contents of Nitrogen and Phosphorus of fishes, benthos, and plants (Kimura 34) and Yamamuro 35) ).
mated the nutrient flux by water birds in accordance with this assumption. Our estimation method is detailed as follows:
( )
in which BC is the amount of substance exported to outside of the tidal flat by water birds (g/m 2 /day), A is the area of the TWBP tidal flat (=57033m 2 ), N i is the number of water birds flying over the tidal flat, FW i is the amount of food eaten by a water bird (g/day), N FC is the nutrient content of the food (%), C i is the rate of load of excretion to the tidal flat (=2/3), DW i is the dry weight of excretion by a water bird in a day (g/day), and N EC is the nutrient content of the excretion (%). Generally, the metabolic rate of a small creature is high and the small creature eats many foods in spite of their small body. But here, we assumed that the amount of food eaten by birds is proportional to their body weight, so the value of FW i is obtained by the following procedure. The amount of food consumed by carnivorous water birds is assumed to be equal to the amount of food consumed by a Cormorant (=262 g/kg/day) 32) , and the amount consumed by herbivorous water birds is assumed to be equal to the amount of food consumed by a Mandarin Duck, as reported by Nogeyama Zoo (=275 g/kg/day) 33) . Table 5 shows the Nitrogen and Phosphorus contents of fishes, benthos, and plants, which are obtained from the reports by Kimura 34) and Yamamuro 35) . For excretion, we assumed that the dry weight of water birds' excretion a day is about 2.25% of their weight (Sanderson & Anderson36) ). Then, for the Nitrogen and Phosphorus content of the excretion by carnivorous water birds, we adopted TN=11.1% and TP=6.8% for Cormorants (Ishida 37) ), and for the excretion by herbivorous water birds, TN=1.46% and Table 7 Excretion loads by water birds in the tidal flat.
TP=0.33% for Land Ducks (Nakamura20)). Since some kinds of snipe and plover eat polychaeta and crustaceans, the Nitrogen and Phosphorus content of their excretion is TN=4.11% and TP=1.46% with consideration of the nutrient contents of a Cormorant's excretion, polychaeta, and fish. Food materials of water birds are shown in Table 6 . Data were obtained by field observation and from of the rangers in N/P (weight) the park. From the table, we estimated the amount of foraging, excretion, and assimilation of each bird. Here, we assumed that the amount of assimilation is the amount of foraging minus excretion, that is, the amount of assimilation contains the net assimilation and the energy. For the Nitrogen and Phosphorus contents, we adopted the averaged value among the foods in Table 5 , which are eaten by water birds. The weight of each water bird has been determined by the references 38) -41)
. From the computational results, it is found that a big bird such as a Cormorant or Gray Heron, which eats fish, has a large amount of assimilation. A small bird such as snipe or plover has a small amount of assimilation.
(4) Results of nitrogen and phosphorus transport by water bird Figure 18 shows the calculated results of the transport of Nitrogen and Phosphorus by water birds. From the results, it is seen that the nutrient removal from the tidal flat in October is the largest, when the number of water birds flying over the tidal flat is also the largest. By comparison with the value of TN removal (=-437 mg/m 2 /2tide) from water in the tidal flat to the adjacent sea as shown in Table 1 , the value of TN removal to outside of the tidal flat by water birds in August is 6% of the removal value from water. The maximum removal value in October is about 12% of the removal value from water. By the same comparison for Phosphorus, the removal value of TP by water birds is 5% of the value from the tidal flat to the adjacent sea (TP=6.4mg/m 2 /2tide) in August, and the maximum value in November is about 10% of the value from the tidal flat to the adjacent sea.
In addition to water birds, fishes are considered another factor in transporting substances from the tidal flat to the outside. However, there is a lattice gate in the channel, and large fish cannot pass through it. Therefore, the role of water birds in substance transport is relatively high for the substance cycle in the tidal flat, but the values of Nitrogen and Phosphorus transport were not so large. We estimated the transport of Nitrogen and Phosphorus under the condition that all the food the water birds eat is in the tidal flat. However, the feeding rate of Cormorants is very small (see Table 4 ), the number of Cormorants is the largest in the tidal flat, and the assimilation by Cormorants is very large. Therefore, it is thought that the transport values by water birds are actuallysmaller still.
Venugopalan et al. 42) reported that a natural lake devoid of any human interference became increasingly rich in nutrients due to the excretion of water birds. If the bird flying over the tidal flat does not use it for a bird feeder, the bird gives a load only by excretion. As a result, nutrient substances are imported by the water birds to the tidal flat. Table 7 shows the excretion loads of Nitrogen and Phosphorus by water birds, estimated by using the number of water birds in the tidal flat. The N/P ratio (weight ratio) of the excretion is 1.66 on average. This value is almost the same value as the N/P ratio of the sediment in the flat (1.6 in the intertidal zone, and 2.0 in the subtidal zone). Considering the above results, it is thought that the sediment quality in the tidal flat was influenced by the excretion of water birds.
There are few research works in Japan and other countries concerning substance transport in a tidal flat by water birds. Therefore, it is very difficult to estimate the transportation mass quantitatively. But, we thought that more precise estimation would be possible if we knew the pattern of the water birds' activity.
DISCUSSION OF NUTRIENT SUB-STANCE CYCLES IN THE TIDAL FLAT
Here, using the previously mentioned results, we discuss the characteristics of Nitrogen and Phosphorus cycles in the TWBP (Tokyo Port Wild Bird Park) tidal flat. From Table 1 , it is found that the tidal flat has the role of source for Phosphorus, and that of sink for Nitrogen and Chlorophyll-a. In the tidal flat, it is considered that the consumption of Chlorophyll-a occurred together with the consumption of PON (Particulate Organic Nitrogen) and POP (Particulate Organic Phosphorus). The causes of suspended particulate materials getting trapped in a tidal flat are considered to be the filtration function by the Mollusca and physical settling and sedimentation, as shown in Fig.17 . In the tidal flat, there are many deposit feeders such as Arthropods and Annelids, and few filter feeders such as Mollusca. Of the above reasons, it is considered that physical settling and sedimentation occurred greatly, and then the sedimentary detritus were consumed by benthos.
From the results in Table 1 , although ON and Chlorophyll-a were consumed, OP increased in the flat. From the facts, it is considered that the DOP (Dissolved Organic Phosphorus) might be increased in the tidal flat. The flat has a high density of Cormorants flying over it; therefore, the concentration of Phosphorus in the sediment is increased by the excretion of the water birds and the N/P ratio becomes low (see Table 3 and Table 7 ). Although it is thought that the concentration of Phosphorus is high in the overlying water due to the release of DOP and PO 4 -P from the sediment, judging from the observation results on August 2008, PO 4 -P is apt to be consumed in the whole tidal flat, and most of the PO 4 -P is taken into the sediment (see Table 1 and Fig.8 ). For inorganic Nitrogen, since NH 4 -N is increasing, it is pointed out that the amount of NH 4 -N released from the sediment exceeds the amount of Nitrogen taken in by phytoplankton, microphyto benthos, algae, etc. Furthermore, because of the reduction in (NO 3 +NO 2 )-N, it is suggested that the concentration of (NO 3 +NO 2 )-N is decreased by denitrification, and the environment causes a flux in Nitrogen from overlying water to sediment. This result supports the concentration of DIN in the interstitial water as in Fig.9 , and the DIN flux between sediment and overlying water as in Fig.11 .
As for the substance transport path from the tidal flat to the outside, we considered the foraging and excretion of water birds, but the amount was not so large (see Fig.18 ). It has been reported that the tidal flat has a high denitrification rate 22) ; the denitrification ability of sediment has a huge effect on Nitrogen transport to the outside. Because a lattice gate is installed in the channel, large fish are limited in coming in and out of the tidal flat. From the facts, nutrient transport to the outside by fish cannot be expected. Therefore, the transport of Phosphorus by water birds is a very important path-way.
Generally, it is said that a tidal flat has the ability to improve the quality of the environment. From the results, however, it is seen that a tidal flat does not always act positively for the coastal environment. It is necessary to investigate both the positive aspects and negative aspects, when we make plans to construct, maintain, and administratively manage tidal flats.
CONCLUSIONS
In the study, we carried out field measurements of water quality at the lagoon-type constructed tidal flat in the Tokyo Port Wild Birds Park (TWBP). We obtained the substance fluxes of Nitrogen, Phosphorus, and Chlorophyll-a between the tidal flat and the adjacent sea. We also estimated the Nitrogen and Phosphorus fluxes between the sediment and the overlying water. Further more, we estimated the Nitrogen and Phosphorus fluxes by water birds and benthos. The conclusions are described as follows: 1) Through water quality measurements over two tidal cycles, it was found that the TWBP tidal flat plays the role of source for Phosphorus, and sink for Nitrogen and Chlorophyll-a. 2) Only the Wajiro tidal flat shows a similar pattern to the TWBP tidal flat for TP, TN and Chlorophyll-a fluxes, in which TP is increasing and TN and Chlorophyll-a are decreasing; but there is no tidal flat with a similat pattern of organic and inorganic nutrient fluxes. Substance cycles are different for each tidal flat. It is suggested that the substance cycles are determined by the tidal flat's environment. 3) Nutrient fluxes between sediment and overlying water are mainly DIN transported to sediment, but the transport direction of PO 4 -P varies with the season and station, so we could not find a fixed direction for the PO 4 -P flux. It is considered that the flux between sediment and overlying water is a very important factor to consider in the substance cycles in summer. 4) For water birds flying over the tidal flat, many Cormorants were observed throughout the year. The amounts of TN and TP transported outside by water birds are about 12% and 10% of the flux transported from the tidal flat to the adjacent sea, respectively, and the values are relatively small.
In the study, we discussed the substance cycles over 2 tidal cycles in summer at the tidal flat in the TWBP. The remaining problems are as follows: the substance cycles throughout the year are unknown, and the causes of the differences in substance cycles of each tidal flat are unknown. By accumulating the data and research results, we can expect to obtain effective documents and knowledge in order to conserve, construct, and manage tidal flats.
